E ndothelial growth factors play an important role in human physiology. Because of their pivotal effects on angiogenesis and vascular remodeling, 1 endothelial growth factors have been implicated in early vascular development, 2 the local spread/growth and metastatic potential of various cancers 3, 4 and the pathogenesis of chronic conditions, including cardiovascular and metabolic diseases. 
relatively broad locus on chromosome 9, including the Tie-2 gene (logarithm of the odds score, 8.31) . 7 In the present analyses, we report the results of a genome-wide association study for serum levels of Ang-2, sTie-2, and HGF (discovery sample, n=3571; independent replication sample for Ang-2 and sTie-2, n=3184). Given the moderate to substantial heritability estimates, 6, 7 we hypothesized that circulating concentrations of all the 3 biomarkers will be associated with common genetic variants.
Methods Discovery Sample (Framingham Heart Study)
The initial genome-wide analyses were performed in participants of the Third Generation cohort of the Framingham Heart Study (FHS). 8 At the baseline examination cycle (2002) (2003) (2004) (2005) , participants were comprehensively phenotyped, including assessment of standard cardiovascular disease risk factors, a physical examination, and a standardized interview by an FHS physician. The sample sizes available for genome-wide analyses in the discovery sample varied slightly between biomarkers depending on the availability of covariates: HGF, n=3571; Ang-2, n=3574; and sTie-2, n=3574. Written informed consent (including consent to genetic analyses) was provided by all participants and the Institutional Review Board at the Boston University Medical Center approved the study protocol.
Replication Sample (Study of Health in Pomerania)
Replication of single-nucleotide polymorphisms (SNPs) that reached genome-wide significance (P<5×10 −8 ) for association with Ang-2 or sTie-2 levels in the discovery sample (FHS sample) was assessed in participants of the second examination cycle (2002) (2003) (2004) (2005) (2006) of the Study of Health in Pomerania (SHIP)-1. SHIP is a community-based sample in Northeast Germany. The study design has been described in detail elsewhere. 9 In essence, SHIP represents a random cluster sample, representative of the population of West Pomerania, located in Northeast Germany. The response rate of the SHIP-1 examination cycle was 83.6%. 9 The SHIP study was approved by the Ethics Committee of the University of Greifswald. Previous genetic analyses had shown that the SHIP sample is genetically homogeneous and provided no evidence for a genetic drift. 10, 11 Furthermore, the design effects (because of cluster sampling) on the P values caused by deviation from simple random sampling were negligible. Therefore, the cluster sampling was not taken into account in our genetic analyses.
Biomarker Measurement
In the FHS sample, blood was drawn in the early morning (usually between 7:00 and 9:00 am) after an overnight fast, immediately centrifuged, and stored at −80°C until biomarkers were assayed. Ang-2, sTie-2 and HGF were measured using commercial assays (R&D Inc), as described previously. 6, 7 The average interassay coefficients of variation for all the 3 biomarkers were low: 5.7% for Ang-2, 3.2% for Tie-2, and 1.6% for HGF. 6, 7 In SHIP, Ang-2 and Tie-2 were measured likewise using commercially available R&D assays. The minimum detectable concentration was 1.20 pg/mL and 0.001 ng/mL for Ang-2 and for Tie-2, respectively. The interassay coefficients of variation in SHIP were 10.6% and 13.3% for Ang-2, and 5.6% and 6.7% for Tie-2, for low and high biomarker concentrations, respectively.
12
Genotyping, Imputation, and Controlling for Population Stratification FHS participants were genotyped with the Affymetrix Human Mapping 500K Array Set and the 50K Human Gene Focused Panel. The mean call rate was 98%. 13 SNPs with a call rate <95% or deviation from Hardy-Weinberg equilibrium (P<10 −6 ) were excluded. As additional quality control measures in FHS and SHIP, the reported sex in the database had to agree with the called sex in the genetic data set, identity by descent estimations were performed to identify and exclude duplicated individuals, and individuals with a high genomewide heterozygosity rate (beyond 5 SDs of the mean) were removed before analyses. 14, 15 Genotypes were imputed to the ≈2.5 million SNP of the HapMap CEU panel (release 22; build 36; http://hapmap. ncbi.nlm.nih.gov/) using the Markov Chain Haplotyping (MACH) algorithm. 16 Quantile-quantile plots and λ estimates were obtained to assess whether the observed distribution of P values fits the Pvalue distribution expected under the null hypothesis of no association, except at the extreme tail. Principal component analyses were performed using EIGENSTRAT 17 to account for potential population substructures within the FHS data set, but no admixture was observed in the FHS cohort.
SHIP participants were genotyped with the Affymetrix Human SNP Array 6.0 using the Birdseed2 clustering algorithm.
11 Pair-wise linkage disequilibrium between SNPs was assessed using the SNP annotation and proxy search (SNAP) tool. 18 Details of the exact location of SNPs within or between genes were assessed using the UCSC genome browser (http://genome.ucsc.edu/).
Statistical Analyses
Because of their skewed distributions, all biomarkers were natural logarithmically transformed before performing genetic analy- . 19 Specifically, we accounted for familial correlations with a linear mixed-effects model that uses relationship coefficient matrix as within pedigree correlation matrix. The relationship coefficient (which is twice the kinship coefficient) was calculated based on available pedigree information and structure. Multivariable analyses were adjusted for age, sex, and known clinical correlates of each biomarker, as identified in previous analyses in the FHS data set. [6] [7] These additional covariates were as follows: for Ang-2: smoking, total cholesterol, diastolic and systolic blood pressure, antihypertensive treatment, and diabetes mellitus; for Tie-2: diabetes mellitus, body mass index, estimated glomerular filtration rate, alcohol consumption, and triglycerides; and for HGF: diastolic blood pressure, antihypertensive treatment, high-density lipoprotein cholesterol, triglycerides, smoking, body mass index, and diabetes mellitus. A P<5×10 −8 was considered genome-wide significant. A top SNP (rs2442517) of the Ang-2 genome-wide association study with a P=5.05×10 −8 was also listed as the P value was close to the genome-wide significance threshold. For each biomarker, we graphically plotted each SNP's P value versus its physical position (Manhattan plot).
The top SNP of each locus associated with Ang-2 and Tie-2 levels in the FHS sample in a genome-wide significant fashion was tested for replication in the SHIP sample, likewise using a linear regression model assuming an additive genetic model and adjusting for the same set of covariates as described above. We did not assess replication of the top SNPs related to HGF concentrations because HGF levels were not available in SHIP.
Pathway Analyses
Pathway analyses were conducted for Ang-2 and sTie-2 combined and separately for HGF using the program Ingenuity Pathway Analysis software package (Ingenuity Systems, Redwood, CA). A SNP score was assigned to each genetic variant. This SNP score was equivalent to the lower P value of the 2 traits (Ang-2 and Tie-2, respectively) examined. For the pathway analysis for HGF, the SNP score was equivalent to the P value for association with HGF. On the basis of the human reference genome (NCBI Build 36, 2006) , the location of all SNPs relative to RefSeq genes were obtained from UCSC Genome Browser (http://genome.ucsc.edu/). A gene score was defined as the most significant variant that was located within 110 kb upstream and 40 kb downstream of the gene's most extreme transcript boundaries. If a SNP could be mapped to multiple genes, all these genes received the same gene score (the P value of this SNP) if the respective SNP had the lowest P value in the region. Of the ≈23 000 genes evaluated, 234 genes and 294 genes reached a score <1.0×10 −4 for HGF and for Ang-2/sTie-2, respectively. These genes were then used for pathway analyses. Enrichment of each of the canonical pathways for HGF-and Ang-2/sTie-2-related SNPs, respectively, was assessed using Fisher exact test.
Statistical analyses were performed in R. 19 The authors had full access to the data and take responsibility for its integrity. M.H.C. performed the statistical analyses for the FHS sample, and A.T. performed the statistical analyses for the SHIP sample. The pathway analyses were performed by H.L. All authors have read and agreed to the article as written.
Results
Clinical and biochemical characteristics of the discovery and the replication sample are provided in Table 1 . In the discovery sample, the genomic inflation factor did not indicate systematic inflation for each of the biomarkers (between 1.01 and 1.02; Figure IV in the Data Supplement). The top The most significant single-nucleotide polymorphisms for each locus and biomarker are shown. Ang-2 indicates Angiopoietin-2; Chr, chromosome; FHS, Framingham Heart Study; HGF, hepatocyte growth factor; MAF, minor allele frequency; SHIP, Study of Health in Pomerania; and sTie-2, soluble Tie-2.
genome-wide significant (P≤5×10 −8 ) hits for Ang-2, sTie-2, and HGF were listed in Table 2 . Figure 1 displays the P values for ≈2.5 million genetic variants associated with HGF, Ang-2, and sTie-2, respectively.
Genetic Loci Associated With Circulating HGF Concentrations
In the FHS sample, 29 SNPs within or close to the HGF gene on chromosome 7 were associated with circulating HGF levels on a genome-wide significant level (P<5×10 −8 ), most of these SNPs were in moderate linkage disequilibrium with the top SNP (rs5745687; Table 2; Figure 2 ). Overall, 24 of these 29 SNPs were genotyped in the FHS sample, and 5 SNPs were imputed (including rs5745687). A regional plot is shown in Figure 2 . The top SNP in the HGF gene explained 2.12% of the variation in circulating HGF levels. Mean HGF levels stratified by rs5745687 genotypes are provided in Figure V in the Data Supplement.
Genetic Loci Associated With Circulating Ang-2 and sTie-2 Concentrations
A total of 5 SNPs in the ABO gene on chromosome 9 were associated with circulating Ang-2 concentrations on a genome-wide significance level (P<5×10 −8 ); 4 of these SNPs were genotyped in the FHS sample. The top SNP was imputed in the FHS and SHIP samples; rs2442517 in the MCPH1 gene on chromosome 8 was close to the genome-wide significance level (P=5.05×10 −8 ). This SNP was genotyped in the FHS sample and imputed in the SHIP sample (Table 2) . Regional plots of the MCPH1 locus and the ABO locus are shown in Figure 3A and 3B, respectively. The top SNPs of both loci (rs8176746 and rs2442517) combined explained 1.7% and 0.7% of the interindividual variation in circulating Ang-2 levels in the discovery and in the replication sample, respectively. Ang-2 levels stratified by rs2442517 genotypes ( Figure VIA Overall, 17 SNPs within or close to the Tie-2 gene and 56 SNPs within or close to the AB0 gene were associated with sTie-2 levels on a genome-wide significant level (P<5×10 −8 ; Table 2 ). Regional plots of the Tie-2 and the ABO loci are displayed in Figure 4A and 4B, respectively. The most significant SNPs from each significant locus (rs8176693 and rs2273720) combined explained 11.2% and 8.9% of the interindividual variation in circulating Tie-2 levels in the discovery sample and in the replication sample, respectively. SNP rs2273720 was genotyped in the FHS and SHIP samples, SNP rs8176693 was genotyped in FHS and imputed in the SHIP sample. Tie-2 levels stratified by rs2273720 genotypes ( Figure (rs8176746) were in perfect linkage disequilibrium (r 2 =1), underscoring that Ang-2 and Tie-2 levels were associated with the same genetic locus.
Pathway Analyses
For Ang-2 and sTie-2, no significantly enriched canonical pathway (P<1×10 −3 ) could be identified. By contrast, several pathways that were over-represented with HGF-related genes could be observed (Table I in the Data Supplement), including the mammalian target of rapamycin (mTOR) pathway and the amyotrophic lateral sclerosis signaling pathway.
Discussion Principal Observations
We conducted a genome-wide association study for 3 endothelial growth factors (Ang-2, sTie-2, and HGF) in the FHS and assessed replication of the top SNPs associated with Ang-2 and sTie-2 in the SHIP study, a population-based sample from northeastern Germany. Our main findings were 4-fold. First, all the 3 biomarker levels were associated with common genetic variants within or close to the genes encoding the individual biomarkers. Second, Ang-2 and sTie-2 levels were also associated with genetic variants at the ABO locus. Third, the top genetic loci explained a modest (≈2%; HGF and Ang-2) to moderate (11%; sTie-2) proportion of the interindividual variation in biomarker levels. Fourth, we identified several pathways that were over-represented with HGF-related genes, including the mTOR and the amyotrophic lateral sclerosis signaling pathway.
Genetic Loci Associated With Circulating HGF Concentrations
Previous family-based analyses reported heritability estimates of 38% 6 and 48%, 20 respectively, for HGF levels. In small clinical samples, few genetic variants in the HGF gene have been tested for association with HGF levels revealing inconsistent results. In 78 control participants from the Cardiovascular Health Study, SNP rs3735520, which is located in the promoter region of the HGF gene, was statistically significantly associated with HGF levels, whereas SNP rs17501108 (likewise located in the promoter) was not. 21 However, SNP rs3735520 was not associated with HGF levels in 133 patients with systemic sclerosis, 22 although experimental data indicated that this variant was related to transcriptional activity. 22 In our data set, both SNP rs3735520 (P=0.12) and SNP rs17501108 (P=0.39) were not associated with HGF concentrations. To date, there has been no genome-wide analysis about the genetic determinants of HGF levels. In our genome-wide approach, only SNPs in the HGF gene reached genome-wide significance for this biomarker. The top SNP (rs5745687) is located in exon 8 23 and explained ≈ 2.12% of the interindividual variation in HGF levels. According to the pfam database (http://pfam.xfam. org/protein/P14210), 24 SNP rs5745687 leads to the replacement of a negatively charged glutamic acid by a positively charged lysine at position 304. This missense mutation is located just before the third kringle domain of the HGF protein. Such kringle domains are important for the interaction with other proteins. 24, 25 The frequency of the minor allele of rs5745687 is between 0% and 10% in different ethnic subgroups of the 1000 Genomes project 26 (Table II in the Data Supplement). We did not assess replication of the top SNPs related to HGF concentrations because HGF levels were not available in SHIP.
Genetic Loci Associated With Circulating Tie-2 and Ang-2 Concentrations
The statistically strongest association signal in our analyses was observed for SNPs in the Tie-2 gene with circulating Tie-2 concentrations. The top SNP of the Tie-2 locus (rs2273720; located in intron 16) explained ≈ 7% of the variability in sTie-2 levels in the FHS sample and ≈ 5% in the SHIP replication sample. These findings are in good agreement with a recent linkage analysis (displaying strong linkage of sTie-2 levels to a locus on chromosome 9, including the Tie-2 gene) 7 and suggest that sTie-2 is moderately influenced by genetic variation in the Tie-2 gene. Furthermore, the ABO locus was associated with sTie-2 on a genome-wide scale (please see below for expanded discussion about the ABO locus).
Circulating levels of Ang-2 were associated with rs2442517, an intronic variant in the microcephalin 1 (MCPH1) gene. Interestingly, the Ang-2 gene is nested within the MCPH1 gene (please see regional plot in Figure 3A ) and the most probable explanation for this association signal is that Ang-2 levels are in part determined by genetic variation in the Ang-2 gene. However, the correlation between SNP rs2442517 and variants in the Ang-2 gene is only modest (please see linkage disequilibrium structure in Figure 3A) , and genetic variants in the Ang-2 gene itself did not reach genome-wide significance for Ang-2 levels. Our data add to smaller genetic-epidemiological studies relating SNPs within the Ang-2 gene to circulating Ang-2 concentrations. SNP rs3739391 (located in the 5′untranslated region; weakly correlated with rs2442517; r 2 =0.04) was associated with Ang-2 levels in 360 stroke patients, after adjusting for established vascular risk factors. However, in the same sample, 2 other genetic variants (rs2515507 [located in the promoter] and rs3739390 [5′untranslated region]) displayed no association with Ang-2 levels. 27 In our data set, none of rs3739391 (P=0.10), rs2515507 (P=0.35), and rs3739390 (P=0.17) displayed statistically significant evidence for association with Ang-2 levels. In another study, SNP rs1868554 (also in weak linkage disequilibrium with rs2442517; r 2 =0.005) was not associated with plasma Ang-2 levels, but was related to plasma variation in isoforms of Ang-2. 28 Interestingly, this variant displayed some evidence of association with Ang-2 levels in our data set (P=6.5×10 −6 ), although the P value does not meet the threshold for genome-wide significance.
In addition to the MCPH1 locus, also the ABO locus was significantly associated with Ang-2 levels in our data set, as detailed in the next paragraph.
Association of the ABO Locus With Circulating Ang-2 and Tie-2 Concentrations
Several SNPs in the AB0 gene were associated with sTie-2 and Ang-2 levels and the top SNPs of the AB0 locus associated with sTie-2 (rs8176693) and Ang-2 (rs8176746) were perfectly correlated (r 2 =1). Thus, Ang-2 and sTie-2 add to a growing number of biomarkers that are associated with the ABO locus, including von Willebrand factor, 29, 30 soluble intercellular adhesion molecule-1 (ICAM-1), 31 ,32 E-selectin, 33 P-selectin, 31 tumor necrosis factors α, 34 and Factor VIII. 29 This suggests that there might be common mechanisms by which the AB0 gene product modulates circulating biomarker concentrations. The genetic architecture of the ABO locus determines the substrate specificity and activity of a glycosyltransferase, which transfers specific carbohydrates to the H antigen, and thereby determines the ABO blood group (OMIM: 110300). 33, 35, 36 There are several potential explanations for the observed association between the ABO locus and circulating Ang-2 and sTie-2 levels. Given that the Tie-2 receptor contains 4 potential N-glycosylation sites, 37 the ABO gene product might modify the Tie-2 receptor, and thereby affect its binding activity, its cleavage from the endothelial cells, or its renal clearance. These mechanisms have been suggested to explain the association of the ABO locus with other biomarkers, including ICAM-1, 31,38 P-selectin, 31 ,38 E-selectin, 33 and von Willebrand factor. 31, 38 In a similar fashion, it is possible that glycosylation of the Ang-2 protein affects its binding ability to the endothelial or sTie-2 receptor, and thereby influences circulating Ang-2 serum levels. Such glycosylation (by the ABO gene product) might also modify the Ang-2 clearance rate from the blood stream. 31 In addition to the association with circulating biomarkers mentioned above, variation in the ABO gene has been associated with different clinical disease traits, including gastric 39 and pancreatic cancer, 36 duodenal ulcer, 40 as well as myocardial infarction 41 and stroke, 42 and hematologic traits. 43 Many of these disease conditions depend directly or indirectly on angiogenesis and vascular remodeling-processes that are, in part, governed by endothelial growth factors. Thus, the association of these biomarkers with the ABO locus might be a mediating mechanism for the observed associations between genetic variation in the ABO gene and clinical disease events, a premise that is speculative.
Across the 3 biomarkers (HGF, Ang-2, and sTie-2) analyzed, the genome-wide significantly associated genetic variants explained a modest proportion (between 2% and 11%) of the interindividual variation in biomarker levels. This is comparable with other biomarker-related genome-wide analyses, including those for Factor VII, von Willebrand Factor, and ICAM-1, where the identified genome-wide significant loci explained 7.7%, 12.8%, and 8.4%, respectively, of the interindividual biomarker variation. 29, 32 Additional genetic approaches are warranted to explain parts of the missing heritability, 44 including analyses of rare and low-frequency variants or structural genetic variation 44 and analyses of all SNPs in the genome. 45 Given the reported associations of the analyzed biomarkers with cardiovascular risk factors 6, 7 and mortality, 12 it is of interest, whether these biomarkers and the identified genetic variants (correlated with biomarker levels) improve the prediction of clinically overt cardiovascular events, including myocardial infarction, heart failure, and stroke.
Pathway Analyses
Pathway analyses identified the mTOR signaling pathway as the most significantly enriched canonical pathway for HGF. Our observations are corroborated by experimental studies, indicating that the mTOR pathway is indeed relevant for modulating HGF expression. 46, 47 Rapamycin (as inhibitor) and Leucin (as stimulator) exert their influence on HGF expression and secretion through the mTOR pathway.
46,47 Furthermore, we revealed a statistically significant over-representation of HGF-related genes in the amyotrophic lateral sclerosis signaling pathway. In this context, experimental data support that HGF might improve survival of motor neurons and the clinical course of amyotrophic lateral sclerosis. [48] [49] [50] 
Strengths and Limitations
Both the study samples (FHS and SHIP) are large and provide a thorough and comprehensive characterization of their study participants. To the best of our knowledge, this is the first genome-wide analysis for Ang-2, Tie-2, and HGF. Some limitations merit consideration. Our samples consisted of young to middle-aged Europeans and European Americans. The applicability of our observations to other ethnicities or age groups is unclear. Furthermore, each biomarker was measured only once in each individual, possibly leading to some nondifferential misclassification that would bias our results toward the null hypothesis of no association between genetic variants and biomarker levels. We did not evaluate the effect of rare genetic variants (as could be identified by whole-genome sequencing) on biomarker levels.
Conclusions
We identified common genetic variants associated with circulating HGF, Ang-2, and sTie-2 levels. All the 3 biomarkers were related to SNPs located in or close to the genes encoding the respective biomarkers. Furthermore, genetic variants in the ABO gene were associated with Ang-2 and sTie-2 levels. The association findings for Ang-2 and sTie-2 were successfully replicated in an independent sample (SHIP). The genomewide significantly associated genetic variants explained a modest proportion (between 2% and 11%) of the interindividual variation in biomarker levels. Furthermore, pathway analyses identified the mTOR and other pathways as being over-represented with HGF-related genes. Given the pivotal role of these biomarkers in angiogenesis, vascular remodeling, local cancer growth, and metastatic potential, as well as their potential effect on cardiovascular and metabolic diseases, our findings suggest that genetically determined endothelial growth factor levels might, in part, contribute to the known familial susceptibility of conditions like cancer or cardiovascular disease, a premise that warrants further investigation. 
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